Red ringspot was first identified as a disease of highbush blueberry (Vaccinium corymbosum L.) in New Jersey in 1954 (9) . Disease symptoms in highbush blueberry appear in late summer, primarily on stems and leaves, as red rings. On leaves, the rings can coalesce to form solid red spots or red blotches, and the entire leaf can turn red. The ringspots on leaves are reported to be limited to the upper surface, unlike the symptoms of powdery mildew infection, which although superficially similar, are visible on both the adaxial and abaxial surfaces. Ringspots are sometimes seen on ripening fruit, but are less visible when the fruit are fully ripe. Using electron microscopy, the causal agent of blueberry red ringspot disease was shown to be a virus in 1981 (11) ; and subsequent sequencing of the Blueberry red ringspot virus (BRRV) genome identified the virus as a member of the dsDNA Caulimoviridae family (7) . In addition to the appearance of blemished fruit, the virus may impact yield in blueberry. One report from Michigan noted a 25% yield reduction in the highbush blueberry cultivar Duke infected with the virus (6) . Yield impact studies have not been performed in other cultivars or other species of blueberry.
Red ringspot symptoms have been occasionally reported from other plants in the Vaccinium genus, but it is unknown whether the symptoms are caused by BRRV, since systematic analyses have never been performed in any plant except the economically important highbush blueberry. For example, in a review of blueberry red ringspot disease, Ramsdell (15) stated that similar symptoms occur in rabbiteye blueberry (V. virgatum Aiton = V. ashei Reade); however, characterization of the disease in this host has never been performed and the causal agent has not been confirmed. Similar symptoms, including red blotches on the leaves and red ringspots on ripening fruit, have also been described from cultivated American cranberry (V. macrocarpon Aiton), but the disease appears to be limited to a few susceptible cultivars (1, 2) . In a review of red ringspot disease, an unpublished report of viral inclusion bodies from symptomatic cranberry that were identical in appearance to those from infected blueberry leaves is cited (K. S. Kim, unpublished data, as cited by Stretch [20] ), but in the 21 years since that reference first appeared in print, no peer-reviewed publication has appeared in the literature. Consequently, it is uncertain whether there may be a role for alternate host plants in the red ringspot disease cycle of cultivated highbush blueberry.
A second factor limiting understanding of blueberry red ringspot disease is the identity of the viral vector. Insects in the order Hemiptera have been implicated in transmission of the viruses in the Caulimoviridae, including members in the families Aleyrodidae (white flies), Aphididae (aphids), Cicadellidae (leafhoppers), and Pseudococcidae (mealybugs) (3) . BRRV is in the Soymovirus genus, which currently contains only two other species, Peanut chlorotic streak virus (PCSV) and Soybean chlorotic mottle virus (SbCMV). The vector for PCSV is unknown, and transmission experiments using two species of aphids were unsuccessful (18) . Similarly, the vector of SbCMV remains unknown, but the virus was shown not to be transmitted by five different species of aphid (10) . Aphids were considered as a possible vector of BRRV; however, three lines of evidence argue against aphid transmission: (i) red ringspot disease does not appear to spread in Michigan where the blueberry aphid (Illinoia pepperi) is present (17) ; (ii) transmission attempts with aphids in controlled experiments have been unsuccessful (A. W. Stretch, personal communication); and (iii) spread patterns in New Jersey (down a row) are characteristic of mealybug (Dysmicoccus sp.) transmission (17) . However, it is still possible that an aphid species not yet tested is the vector. In any case, since the vector remains unknown, control of BRRV is less effective than it might otherwise be, and the disease remains a threat to blueberry crops in the United States and worldwide.
In order to fully understand and control blueberry red ringspot disease, a comprehensive knowledge of epidemiological factors such as the extent of disease incidence, viral genetic variation, mode(s) of transmission, and reservoirs is vital. One reason for the lack of progress in the study of red ringspot disease is the lack of reliable tools for detecting, tracking, and identifying the virus in infected plant tissue.
Although a two-animal ELISA system was successful at detecting BRRV in crude sap of affected highbush blueberry plants (8) , serological detection of the virus has been largely unreliable (7) . Experimental transmission of BRRV has only been successful by grafting, which makes viral indexing of this pathogen a laborious and highly variable process. Therefore, in the present study, our objectives are: (i) to use the recently published sequence of the BRRV genome to develop a simple and reliable DNA-based, i.e., polymerase chain reaction (PCR) method for detection of the virus, and (ii) to use these tools in combination with molecular phylogenetic analysis to determine if similar symptoms in other cultivated Vaccinium spp. are caused by BRRV.
MATERIALS AND METHODS
Plant material. Highbush blueberry plant material exhibiting red ringspot symptoms was collected from naturally infected field plots and potted plants maintained at the P.E. Marucci Center, Rutgers University, Chatsworth, NJ (cultivars Duke and Elliott). Rabbiteye blueberry (V. virgatum syn. V. ashei Reade) plants (cultivars Clara and Owen) and the rabbiteye × V.
constablaei hybrid cultivar Little Giant were collected from research plots at the Center that were naturally exposed to infection and exhibited late summer and fall symptoms of blueberry red ringspot. Plant material for controls was collected from asymptomatic plants of the same blueberry cultivars maintained in a germplasm collection at the Center.
Cranberry fruit and leaves with ringspot symptoms from the cultivar Early Black were collected from a research plot at the P.E. Marucci Center (hereafter noted as CranI). A second source of cranberry with ringspot symptoms (hereafter noted as CranII) was found in Hammonton, NJ, in a ditch adjacent to a commercial blueberry farm where cranberries were once cultivated (converted to blueberries in 1939).
DNA extractions and development of primers for PCR detection. DNA was extracted from blueberry and cranberry leaf tissue using the CTAB procedure (19) as modified by Novy and Vorsa (13) except that instead of using liquid nitrogen, 200 mg of plant tissue was ground at room temperature in a 4 × 5 in. mesh bag (Agdia, Elkhart, IN) containing 2 ml of CTAB buffer using a circular bearing tissue homogenizer (Agdia) attached to a drill press. The amounts of other reagents used in the extraction procedure were increased in proportion to the volume of CTAB buffer used. Purified DNA was quantified using a fluorometer (DyNA Quant 200, Hoefer Scientific Instruments, San Francisco, CA). The same procedure was used to extract DNA from bark scrapings of 1-year-old stems of blueberry in March 2006.
Three primer sets (RR80/RR81, RRSV1/ RRSV2, and RRSV3/RRSV4) were tested for utility in BRRV detection from plant tissue by PCR (Table 1, Fig. 1 ). The primer sequences were designed based on the published BRRV sequence (GenBank accession AF404509) with the aid of the PrimerSelect module in the Lasergene (DNASTAR Inc., Madison, WI) software package. Two different types of Taq polymerase were used: HotMaster (Eppendorf, Westbury, NY) and standard Taq polymerase (New England Biolabs, Beverly, MA). The program used for the HotMaster Taq was: 94°C for 2 min, followed by 30 cycles of 94°C for 20 s, 57°C for 10 s, and 70°C for 45 s, with a final extension at 70°C for 5 min. The program for the standard Taq was: 94°C for 3 min, followed by 30 cycles at 94°C for 30 s, 57°C for 45 s, Fig. 1 ) were used to perform amplifications from DNA extracted from cranberry leaf tissue taken from shoots bearing fruit with ringspot symptoms. PCR reactions using these primers were as described above, except that the annealing temperature was decreased to 45°C; BRRV-infected blueberry was used as the positive control.
PCR amplicons generated from cranberry DNA extracts using primer pairs RR80/RR81, RRSV1/RRSV2, and BRRV15/ BRRV16 (Table 1) were gel purified and cloned into the pGEM-T vector (Promega, Madison, WI), then sequenced using the DTCS Quick start sequencing kit (Beckman-Coulter, Fullerton, CA) on the CEQ-8000 automated sequencer (BeckmanCoulter). Sequences were assembled using the SeqMan module in the Lasergene package. Sequence alignments were performed using M-Coffee (12) on the Swiss Institute of Bioinformatics server (http:// www.tcoffee.org/), then adjusted to remove indels and ambiguously aligned regions. The amino acid alignments (SI Figs. 1 and 2) were generated from the M-Coffee alignments using JalView (4). Because no potential outgroup taxa from known Caulimoviridae species could be reliably aligned to the nucleotide sequence data (not shown) in order to determine the evolutionary trajectory within the BRRV ingroup (e.g., to determine the most basal BRRV lineage to root the ingroup analysis), phylogenetic analysis of predicted amino acid sequences were performed (as described below) using the BRRV isolates, the published BRRV sequence (AF404509), and sequences of three closely related members of the Caulimoviridae obtained from GenBank: SbCMV (NP 068728), Cauliflower mosaic virus (NP 056727), and Carnation etched ring virus (NP 612576). The resultant tree identified CranI as the most basal lineage in the BRRV group (Fig. 2) ; this sequence was used to root nucleotide-derived trees in all subsequent analyses. Sequence alignments were analyzed using maximum likelihood (ML); nucleotide datasets were analyzed using PAUP* v3.0b4 (21); amino acid datasets were analyzed using PHYLIP (5). Starting trees for the heuristic analyses were generated from 10 addition sequence replicates with branch swapping performed using tree-bisection reconnection (TBR). Nucleotide searches were modeled on the parameters estimated using Modeltest v. (14) . Bootstrap support was determined using 100 replicates.
RESULTS
Virus detection. Primer set RR80/RR81 was initially designed for use in BRRV detection experiments, but undesirable amplification of faint higher molecular weight background bands (not shown) occasionally occurred in addition to the expected 529-bp fragment from BRRVinfected material (Fig. 3A) . Although these background bands could be eliminated with the use of a hot-start type Taq DNA polymerase (e.g., Eppendorf, HotMaster), two additional primer sets (RRSV1/ RRSV2 and RRSV3/RRSV4) were designed and tested that could make use of standard Taq polymerases. Using ordinary Taq DNA polymerase, RRSV1/RRSV2 and RRSV3/RRSV4 routinely amplified the expected size fragments from blueberry leaves and stem tissue exhibiting symptoms of BRRV infection without the background problem noted for primer set RR80/RR81. Because the amplification of BRRV using RRSV3/RRSV4 was extremely reliable, even from early-season asymptomatic blueberry plants known to be infected with BRRV (data not shown), this primer set was used for detection of the virus in all following assays. A sensitivity assay, using diluted template, showed that detection of the virus could be obtained with as little as 0.01 ng of DNA (Fig. 3B, lane 7) .
BRRV infection of other species of blueberry. In addition to V. corymbosum (highbush blueberry), several species of blueberry are maintained in the field at the P.E. Marucci Center as part of the breeding and germplasm collection. In 2005, some of these plants showed symptoms of BRRV, including the V. virgatum (rab- biteye) cultivars Owen and Clara, six unnamed rabbiteye selections, and the rabbiteye × V. constablaei hybrid cultivar Little Giant. Symptoms were similar to those in infected highbush (Fig. 4) , except that the cultivar Owen also exhibited symptoms on the underside of the leaf (Fig. 4D) . DNA was isolated from leaves of symptomatic and asymptomatic plants from the rabbiteye cultivars, the hybrid cultivar Little Giant, and the highbush cultivars Elliott and Duke as controls. All were tested for the presence of BRRV using primer set RRSV3/RRSV4. All symptomatic plants tested were found to be positive for the presence of BRRV as indicated by the amplification of the expected size fragment (data not shown). Control plants (i.e., asymptomatic) of the same cultivars were found to be negative (data not shown).
Cranberry ringspot. Cranberry ringspot symptoms (Fig. 5) have been observed as far back as 1966 across most major cranberry growing regions in North America (1), particularly in susceptible cultivars such as Searles. Although the causal agent has long been thought to be a Caulimovirus due to the presence of virus-like particles and inclusion bodies similar to those observed in BRRV (20) , the identity of the organism responsible for cranberry ringspot disease remains unknown. To determine whether ringspot symptoms in cranberry are caused by BRRV, 15 primer sets (Table 1) spanning the BRRV genome were designed and tested for amplification from symptomatic cranberry growing in a research plot at the P.E. Marucci Center (CranI), with BRRV-infected blueberry as a control. Thirteen of the 15 primer sets amplified the expected size fragment from the blueberry control (87%), but only four of the primers (27%) amplified a product from cranberry (Table 1, Fig. 6 ). In addition, symptomatic cranberry sometimes produced amplicons of different sizes than those produced from BRRV-infected blueberry tissue (e.g., BRRV23/BRRV24) (Fig.  6 ). These data support the presence of a virus closely related to BRRV in symptomatic cranberry, but possessing a nucleo- Fig. 2 . Amino acid sequence-based phylogenetic trees rooted with Caulimoviridae outgroup taxa used to determine the most basal lineage among the ingroup Blueberry red ringspot virus (BRRV) taxa. A, Coat protein dataset (501 amino acid residues). B, Reverse transcriptase dataset (611 amino acid residues). CranI was identified as the basal lineage through analysis of both gene regions, and was subsequently used to root all nucleotide-based phylogenetic trees. Bootstrap values are noted above or below nodes as space permits. tide sequence distinct enough in some regions of the genome to preclude PCR amplification using BRRV-specific primers under standard cycling conditions. Because PCR screening suggested that the ringspot-diseased cranberries were infected with a virus similar, but not identical, to the canonical BRRV genome sequence (7), a 3,911-bp segment of the viral DNA was amplified (using the various primers described in Table 1 and shown in Fig. 1 ) and sequenced for use in phylogenetic analysis from two symptomatic cranberry plants (CranI and CranII), one highbush blueberry (Duke), and one rabbiteye blueberry (Clara); this region spanned the coat protein, reverse transcriptase, and transcriptional activator protein regions of BRRV (nucleotides 1114 to 5048 relative to BBRV [accession AF404509]; Fig. 1 ). As suggested by the PCR-based screening, a distance matrix comparing these four sequences and the BRRV-type genome showed the sequences as highly similar, with all but one of the samples sharing 92 to 96% nucleotide sequence identity ( Table 2) . As determined through outgroup comparisons with members of the Caulimoviridae, a sample from cranberry-CranI-was the most basal sequence in the group (Fig. 2) . CranI was also the most divergent sequence relative to all other samples, sharing only 86% nucleotide sequence identity with the other four samples, including the second sample of the virus from cranberry (CranII). Overall, although there were relatively low levels of variability in the nucleotide dataset, even when evaluated using amino acid data, each of the five virus sequences was unique, as transversions were a common result of nucleotide substitutions. Of the 495 amino acid residues in the coat protein dataset, private substitutions (i.e., substitutions unique to that particular strain) were observed from all samples: CranI had 97, CranII had 14, Clara had 7, BRRV had 6, and Duke had 3 (SI Fig. 1) . Similarly, the reverse transcriptase polyprotein amino acid set had the following private substitutions: CranI had 25, CranII had 26, Clara had 1, BRRV had 0, and Duke had 3 (SI Fig. 2) .
Alignment of the nucleotide sequence data from the six viral samples was unambiguous, with the introduction of 11 gaps being adequate to accommodate indels. Of the 3,911 total characters, 3,177 were constant, and 155 were considered informative when analyzed using maximum parsimony (not shown). Phylogenetic analysis of the nucleotide dataset placed both cranberry samples as basal to the monophyletic group of blueberry samples ( Fig. 7) with high levels of bootstrap support. Thus, the phylogenetic reconstruction suggested that the genotypes of BRRV responsible for disease in blueberry have evolved from the genotypes of this virus that cause ringspot disease in cranberry.
DISCUSSION
Detection of BBRV using PCR amplification techniques. Because BRRV is a double-stranded DNA virus, we reasoned that detection by PCR using BRRVspecific primers should be simple and reliable, thus eliminating the need for development of improved serological techniques for screening of blueberry plants. The results of this study confirmed this hypothesis, as we were able to develop 18 PCR primer sets that accurately detected BRRV from blueberry with a high level of sensitivity, requiring as little as 0.01 ng of DNA to detect the virus from infected tissue. We expect that most of the "template DNA" screened in this PCR-based assay is derived from the plant, and the actual amount of viral DNA present in the extract is unknown. Based on this work, we recommend the primer set RRSV3/ RRSV4, designed to amplify a portion of the transcriptional activator, for routine detection of this virus. Using this primer set, we were able to amplify the expected BRRV fragment at high stringency from all symptomatic blueberry tissue tested with no false positives, and could detect divergent isolates of the virus from BRRVinfected cranberry. Even for infected blueberry plants screened in the spring before the advent of symptom development, positive PCR results were obtained. This primer pair also was used successfully to amplify the expected size fragment from dormant, asymptomatic blueberry stem tissue collected during the month of March. Despite the fact that the presence of this virus may vary throughout the season, from tissue to tissue, and even from cultivar to cultivar, PCR-based detection of the virus using this assay appears to be quite sensitive. The consistent detection of BRRV using such small quantities of DNA suggests that this assay might also be successfully employed as a tool for screening and identifying potential vectors of the virus, a major hurdle in the development of effective BRRV control measures. To that end, we have begun to screen potential vectors including mealybugs, aphids, and leafhoppers, all collected from BRRVinfected blueberry. Of those tested, only leafhoppers, and particularly the sharpnosed leafhopper, gave positive results (data not shown). Interestingly, the sharpnosed leafhopper is also reported to vector blueberry stunt disease, which is caused by a phytoplasma (16) .
Identity of the causal agent of cranberry ringspot disease. Despite occasional reports of red ringspot-like symptoms in rabbiteye blueberry and cultivated cranberry, prior to the current study it was unknown whether the disease in these hosts was induced by the same causal organism responsible for red ringspot disease in highbush blueberry. Our data conclusively demonstrate that in both rabbiteye blueberry and cranberry, BRRV is present in symptomatic plants, providing the first good evidence that this virus is also responsible for red ringspot disease in these hosts. It is also important to note that symptoms in the other hosts can vary from the classic descriptions. For example, the leaf symptoms in Owen (Fig. 4) were atypical. Thus, field diagnosis in other Vaccinium species and even other highbush blueberry should be made with caution.
Although the sample of BRRV strains evaluated in this study was small, phylogenetic reconstructions show that BRRV strains from cranberry are basal to the more derived strains responsible for disease in blueberry. Our data do not support the division of "cranberry" and "blueberry" strains of BRRV into distinct groups (since CranII groups with the blueberry strains); however the CranI strain forms a lineage distinct from CranII (Fig.  7) . It is also unknown if the strains can be moved (vectored) between the Vaccinium species. This is a distinct possibility since cranberries and blueberries are both native to North America and are often found in close proximity whether wild or cultivated. Thus, the vector(s) can have access to both crops. Population-level sampling is needed to further investigate the diversity of BRRV across cranberry and blueberry populations if we are to understand the movement of this virus; the tools developed in this study will facilitate such research.
The identification of BRRV in rabbiteye blueberry and cranberry plants has many possible implications in the red ringspot disease cycle of cultivated highbush blueberry. The idea that there may be transmission of BRRV between highbush and rabbiteye blueberry, blueberry and cranberry, and possibly asymptomatic alternate hosts including other native Vaccinium species, suggests multiple BRRV reservoirs for red ringspot disease. Given the highly similar nature of viral strains found in the different hosts and the other reasons noted above, it seems likely that transmission does occur. Since the impact, if any, of BRRV infection in rabbiteye blueberry is completely unknown, rabbiteye plantings near infected highbush should be routinely monitored for signs of the disease. Finally, infection of cranberry with BRRV, although seemingly rare, may prove to be an important factor in the red ringspot disease cycle in highbush blueberry. While infected blueberry plants can be easily removed from the field, cranberries propagate asexually by runnering and form mats of vegetation that would make the roguing of infected plants very difficult. The affected area in a cranberry field would likely have to be treated with an herbicide to kill the infected plants. Cranberry has also been shown to be infected by Blueberry scorch virus (BlScV) (22) , and although transmission has not been demonstrated, BlScV in Table 1 ) that were for the lanes under that particular bar (e.g., the first two lanes were amplified using primer set BRRV1/BRRV2). Lane M is a portion of the 1-KB Plus DNA ladder (Invitrogen). Sizes from top down are 1,000 bp, 850 bp, 650 bp, 500 bp, and 400 bp. cranberry may also be a source of inoculum for viral infection of blueberry. A comprehensive examination blueberry and cranberry ringspot populations as well as host impact and transmission properties is planned.
